A number of bivalve species worldwide, including the Pacific oyster, Crassostrea gigas, have been affected by mass mortality events associated with herpesviruses, resulting in significant losses. A particular herpesvirus was purified from naturally infected larval Pacific oysters, and its genome was completely sequenced. This virus has been classified as Ostreid herpesvirus 1 (OsHV-1) within the family Malacoherpesviridae. Since 2008, mass mortality outbreaks among C. gigas in Europe have been related to the detection of a variant of OsHV-1 called Var. Additional data are necessary to better describe mortality events in relation to environmental-parameter fluctuations and OsHV-1 detection. For this purpose, a single batch of Pacific oyster spat was deployed in 4 different locations in the Marennes-Oleron area (France): an oyster pond ("claire"), a shellfish nursery, and two locations in the field. Mortality rates were recorded based on regular observation, and samples were collected to search for and quantify OsHV-1 DNA by real-time PCR. Although similar massive mortality rates were reported at the 4 sites, mortality was detected earlier in the pond and in the nursery than at both field sites. This difference may be related to earlier increases in water temperature. Mass mortality was observed among oysters a few days after increases in the number of PCR-positive oysters and viral-DNA amounts were recorded. An initial increment in the number of PCR-positive oysters was reported at both field sites during the survey in the absence of significant mortality. During this period, the water temperature was below 16°C.
S
ince the first report by Farley et al. (1) , herpesviruses have been associated worldwide with mortality events resulting in significant losses in a number of bivalve species, including the Pacific cupped oyster, Crassostrea gigas, in both hatcheries/nurseries and the natural environment (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) . A herpesvirus was purified from naturally infected larval Pacific cupped oysters collected in 1995 in a French commercial hatchery (12) . Its genome was completely sequenced (13) , and the virus was classified as Ostreid herpesvirus 1 (OsHV-1) within the family Malacoherpesviridae (14, 15) . Moreover, since 2008, mass mortality outbreaks among Pacific cupped oysters have been reported in Europe, including France, Ireland, the Channel Islands, and the United Kingdom (16) (17) (18) (19) (20) (21) (22) (23) , in relation to the detection of a particular genotype of OsHV-1 called Var (24) .
A protocol based on the intramuscular injection of 0.22-mfiltered tissue homogenates prepared from naturally infected spat was developed (25) . The results of experimental trials showed that mortality was induced after the injection. Furthermore, analysis of injected oyster spat revealed large amounts of OsHV-1 DNA by real-time quantitative PCR. In this context, OsHV-1 was inferred to be the causative agent of the mortality reported in the study (25) . In addition to transmitting OsHV-1 infection by intramuscular inoculation, waterborne transmission to healthy oyster spat can also occur via cohabitation of healthy oyster spat with experimentally infected individuals (26) . However, the demonstration of a causal link between a pathogen and mortality outbreaks in the field may not be exclusively based on the possibility of reproducing the disease experimentally but should take into account the idea that the cause of mortality outbreaks may be a combination of factors. A causal link between OsHV-1 infection and oyster spat mortality has been suggested in different epidemiological studies (27) (28) (29) .
In this context, more data are needed in order to better describe mortality events in relation to environmental-parameter fluctuations and OsHV-1 detection. For this purpose, a single batch of Pacific oyster spat was deployed in 4 different locations in the Marennes-Oleron area (Charente Maritime, France): an oyster pond ("claire"), a shellfish nursery, and two locations in the field. Mortality rates were recorded based on regular observation, and samples were collected to search for and quantify OsHV-1 DNA by real-time PCR. Oyster samples were collected with great frequency during the study.
MATERIALS AND METHODS
Oysters and experimental design. Pacific oysters (C. gigas) were supplied by a shellfish farmer from the Marennes-Oleron area (France). They had been collected in the field (local stock; diploid oyster spat collected in the natural environment) during the summer of 2009 at La Moucliere (Charente estuary, France). For the purpose of the study, wild-caught oysters were deployed in 4 selected locations in the Marennes-Oleron area-a pond (Centre Régional d'Expérimentation et d'Application Aquacole [CREAA]); a shellfish nursery (CREAA); and two sites in the field, La Mortanne and Les Sables de l'Are (Marennes-Oleron area) (Fig. 1) -in April 2010. They were 8 months old and 6 mm long at the time of deployment. They had not suffered from mortality prior to their deployment in the 4 sites. The Marennes-Oleron area is a major oyster-farming area, accounting for ϳ25% of French Pacific oyster (C. gigas) production. It is also one of the two main sites for wild-spat collection in France.
Animals transferred to both field sites ( Fig. 1) were maintained in 4 mesh oyster bags and 1 oyster rack per site at an initial density of 1,500 individuals per bag and 10,000 oysters per rack. One mesh oyster bag and 1 oyster rack at an initial density of 1,500 individuals per bag and 10,000 oysters per rack were placed in the pond (Fig. 1 ) and 1 mesh bag in the nursery facilities at an initial density of 20,000 animals ( Fig. 1) .
Mortality records and sample collection. Prior to deployment in the different locations, spat (n ϭ 10) were sampled and tested for OsHV-1 DNA by real-time PCR. Until their deployment in April 2010, the oysters had not been affected by mortality. The day on which the spat arrived at the sites was considered day 0: 16 April for the pond and 19 April for the other 3 sites (La Mortanne, Les Sables de l'Are, and the nursery) (Fig. 1) .
Mortality was recorded on different dates, depending on the site. To define mortality rates, 50 animals were collected 3 times in the same experimental unit (bag or rack, depending on the site) on each selected date. Live and dead oysters were counted to determine mortality (average and standard deviation of 3 values). Dead oysters were not removed from the experimental units.
Spat samples were collected (n ϭ 10 per sampling day) in order to detect and quantify OsHV-1 DNA by real-time PCR. For both field sites (La Mortanne and Les Sables de l'Are) (Fig. 1 ), samples were collected twice a week from 22 April to 8 July. However, oysters were sampled daily during 3 periods considered risky in terms of mortality: from 26 April to 30 April, from 23 May to 27 May, and from 31 May to 7 June. These periods corresponded to intervals during which a rapid increase in the water temperature (2.5°C in 4 days) had been reported and/or a threshold of 16°C was reached. They were defined based on temperature information regularly collected by Ifremer and on the official Mé-téoFrance weather forecast. For oysters reared in the pond ("claire"), samples were collected with similar frequency on 31 occasions from 19 April to 7 June 2010. Spat reared in the nursery were sampled on only 10 occasions from 22 April to 12 May 2010 due to rapid mortality.
The water temperature was also recorded during the study using probes (Onset UBTI-001) placed in one of the oyster bags deployed at selected sites.
OsHV-1 DNA detection. Analyses were carried out by Genindexe (La Rochelle, France), a laboratory officially recognized by national authorities (the French Ministry of Agriculture) for OsHV-1 detection in C. gigas. The laboratory takes part in a yearly proficiency test (interlaboratory comparison) organized by the national reference laboratory for marine mollusc diseases (Ifremer, La Tremblade, France). It was chosen to collect samples with very great frequency during the trial (around 30 dates of collection) and to conduct OsHV-1 DNA detection individually on 10 oysters for each sample date and site. More than 1,000 real-time PCR analyses were carried out. The detection and quantification of OsHV-1 DNA was carried out using a previously published real-time PCR protocol (30) . Briefly, the protocol used SYBR green chemistry with specific primers, DPFor/DPRev, targeting the region of the OsHV-1 genome predicted to encode a DNA polymerase catalytic subunit (31) . The specificity of the PCR products was systematically confirmed based on the melting-temperature value calculated from the dissociation curve. Melting curves were plotted (55 to 95°C) in order to ensure that a single specific PCR product was amplified. The results were expressed as the viral-DNA copy number mg wet tissue Ϫ1 .
RESULTS
Water temperature and oyster mortality. Water temperature variations at all 4 sites are given in Fig. 2 . A rapid increase in spat mortality rates was observed from 2 to 15 June and from 5 to 11 June at La Mortanne and Les Sables de l'Are, respectively ( Fig. 3a and b). The mortality rate was 64.7% Ϯ 10.3% at La Mortanne on 7 June and 61.9% Ϯ 0.94% at Les Sables de l'Are on 5 June. The mortality rates remained stable until the end of the study on 7 July 2010 ( Fig. 3a and b ). For oysters reared in the pond and in the nursery, mortality rates increased from 0% to 10% from 22 April to 26 April, day 7 after spat deployment ( Fig. 3c and d ). The water temperature was around 19°C during this period. Three days later, mortality rates in the pond and in the nursery reached 19.18% Ϯ 0% and 34.78% Ϯ 0%, respectively. The mortality rates then increased until the end of the experiment on 12 May (63.7% Ϯ 5.31%) for nursery-reared spat and 17 June (66.2% Ϯ 3.27%) for oysters maintained in the pond ( Fig. 3c and d) .
OsHV-1 DNA detection by real-time PCR. Spat (n ϭ 10) scored negative for OsHV-1 DNA detection by real-time PCR prior to oyster deployment on 31 March 2010.
(i) Percentages of positive individuals. At both field sites (La Mortanne and Les Sables de l'Are), more than 80% of the analyzed individuals tested positive for viral DNA on 26 April, 7 days after spat deployment ( Fig. 3a and b) . A decrease in viral-DNA-positive oysters (0 to 10%) was subsequently observed. During this period, the water temperature varied from 11°C to 15°C (Fig. 2) . At Les Sables de l'Are and La Mortanne, the water temperature reached 16°C on 20 May and 22 May, respectively (Fig. 2) . From these dates onward, the percentages of viral-DNA-positive samples increased rapidly at both field sites, reaching 100% of the analyzed oysters ( Fig. 3a and b) .
Eighty percent of the spat tested positive for OsHV-1 DNA by real-time PCR on 19 March 2010, 3 days after the oysters were transferred to the pond (Fig. 3c) . On 22 April, viral DNA was detected in 100% of the analyzed individuals at the site (Fig. 3c) . This percentage remained stable until mid-June, except for a short period from 10 to 17 May, during which a water temperature decrease was observed (Fig. 2) (between 12°C and 16°C). For nursery-reared oysters, 100% of the analyzed spat tested positive for OsHV-1 DNA by real-time PCR between 22 April and 3 June (Fig. 3d) . A water temperature decrease was observed from 4 to 12 May (Fig. 2) (between 12°C and 16°C). During this time, a decrease in viral-DNA-positive samples was also reported (20% to 80%).
(ii) Viral-DNA amounts. Due to the high variability of viral- Table 1 ). An increase in the percentage of positive animals was reported on 26 April at La Mortanne and Les Sables de l'Are ( Fig. 3a and b and Table 1 ) without a concomitant increase in the mortality rates. At La Mortanne from 2 to 7 June, viral-DNA amounts of Ն10 4 DNA copies per mg wet tissue (category 2) were detected in some oysters (Fig. 3a and 4a and Table  1 ), and mortality rates increased drastically. At Les Sables de l'Are from 27 May to 4 June, viral-DNA amounts of Ն10 4 DNA copies per mg of wet tissue (category 2) were detected in 30% to 100% of the analyzed oysters (Fig. 3b and 4b and Table 1 ), and mortality rates increased drastically. In the field sites (La Mortanne and Les Sables de l'Are), oyster mortality was first reported 1 (3 June) and 7 (2 June) days, respectively, after 100% of the analyzed individuals tested positive for viral DNA, and some oysters showed more than 10 4 viral-DNA copies per mg of wet tissue. In the oyster pond, an increase (17% to 100%) in oysters with Ն10 4 DNA copies per mg of wet tissue (category 2) was reported from 19 April to 31 May (Fig. 3c and 4c and Table 1 ). It was followed by an increase in mortality rates (19% on 2 May and 62% on 3 May).
One hundred percent of the nursery-reared oysters tested positive for DNA (22 April to 3 May), and large viral-DNA amounts, from 10 6 to 10 8 DNA copies per mg of wet tissue, were detected in some oysters (Fig. 3d and 4d and Table 1 ). Oyster mortality was first reported on 27 April.
DISCUSSION
Oyster mortality and water temperature. Although similar mass mortality rates were reported at the 4 test sites (around 65% at the end of the study in July 2010), mortality was detected earlier in the pond and in the nursery than in the field sites. In the field sites (La Mortanne and Les Sables de l'Are), oyster mortality increased rapidly from 31 May to 6 June (10% to 60%), 11 and 12 days, respectively, after the water temperature reached 16°C. In the pond and in the nursery, oyster mortality increases were concomitantly detected at the end of April. In both cases, the water temperature was over 16°C at the time of oyster deployment and had reached 20°C when mortality outbreaks started.
Disease outbreaks associated with OsHV-1, including the 2008 to 2012 outbreaks across Europe, have mainly occurred in spring and summer months. However, reports have rarely mentioned specific temperatures. Moreover, there have been only a few experimental studies dealing with the effects of temperature on virus infection (32-34). Le Deuff et al. (33) reported that high water temperatures promote the production of viral particles in association with massive mortality among Pacific oyster larvae. Sauvage et al. (34) indicated that during a disease outbreak reported under laboratory conditions, the mean seawater temperature was 23.8°C, and that the outbreak was preceded by an increase in water temperature of 2.3°C over 2 days. As reported in the present study, a rapid increase in water temperature may thus be considered a critical factor in the disease process. Results from an OsHV-1 survey carried out in France from 1997 to 2006 reported by Garcia et al. (29) supports this hypothesis. Indeed, OsHV-1 detection followed a gradient of increasing temperatures along the French coast, and virus detection could be correlated with a rapid increase in the mean daytime temperature (29) . Similar observations have been reported in the field for oyster spat in Tomales Bay in California (3, 27) . Temperature extremes above 24 to 25°C were reported before disease outbreaks (3, 27) . High seawater temperatures appear to be one of the potential factors likely to induce OsHV-1 infection. This hypothesis is consistent with observations on koi herpesvirus, for which temperatures between 18°C and 28°C favored the onset and severity of disease in fish (35) (36) (37) (38) (39) (40) . Field surveys conducted in Japan showed that the lowest water temperature at which outbreaks occurred was 15.5°C to 16°C (36, 39) . A temperature threshold related to enhanced OsHV-1 expression or mortality appears to be difficult to define precisely. According to the literature, the temperature threshold seems to be site dependent: 22°C to 25°C on the west coast of the United States (3, 27) and 16°C to 20°C in France (41) (42) (43) . Although the result of viral replication at high temperatures can be a fast spread of the disease to the whole brood and sudden high mortality outbreaks, it is important to keep in mind that infection is not equal to mortality. The high variability of viral-DNA detection between individuals (from 10 1 to 10 8 DNA copies per mg of wet tissue) could be due to a nonsynchronous phenomenon. Infected oysters displayed different levels of infection on the same date of collection. Moreover, some oysters may be able to control the viral infection. Although stress (handling, transport, crowding, or modification of feeding) and other environmental parameters have been suggested as important factors in the development of the disease (10, (27) (28) (29) 44) , in the present study, virus infection occurred at all sites, and its pattern seemed related for the most part to seawater temperature kinetics.
Viral-DNA detection and quantification. An increase in the number of viral-DNA-positive oysters was detected in late May/ early June at both field sites (La Mortanne and Les Sables de l'Are), as previously reported at a national level (29) . Mass mortality was recorded among oysters a few days after an increase in the number of positive oysters and viral-DNA amounts was noticed. As OsHV-1 was detected prior to mortality events, the virus may be inferred to be the causative agent of oyster spat mortality. Realtime quantitative-PCR analysis revealed the presence of large amounts of OsHV-1 DNA, suggesting that an incubation period occurred with an intense replication phase, leading to irreversible cell damage and mortality (34) . Although oyster mortality occurred earlier in the pond and in the nursery than at the field sites (La Mortanne and Les Sables de l'Are), large amounts of viral DNA were detected in a large number of oysters prior to the onset of mortality outbreaks. Quantification of viral DNA may constitute a good prognostic marker for the prediction of mortality events. However, due to the high variability of viral-DNA amounts detected among oysters, this parameter does not appear, at an individual level, to be the most informative. Defining categories and using the percentage of individuals in each category could be more useful to define a risk of mass mortality events. It has previously been reported (34, 45 ) that a number of viral-DNA copies up to 10 4 may be interpreted as evidence of viral infection leading to mass mortality. In the present study, viral-DNA amounts up to 10 4 per mg of wet tissue were detected only a few days before mass mortality occurred. The number of positive individuals can also be used as a prediction tool, as 100% of individuals tested positive for OsHV-1 a few days before mass mortality occurred. These results suggest that prior to the onset of mortality, the virus replicated and circulated widely among the oysters, infecting a large number of individuals. The prevalence and viral-DNA quantification have been taken into account for prognosis of vertebrate herpesvirus infections (46, 47) . However, real-time PCR did not specify whether viral DNA corresponded to infective viruses (enveloped virus particles), which are necessary to initiate the viral infection in host cells (48) . The mean cumulative mortality at the end of the survey was around 65%, and some oyster spat survived. Surviving oysters at the end of the study might represent individuals collected before they died and/or might be considered less susceptible animals. Susceptibility to OsHV-1 infection may vary among oysters, depending on their genetic makeup and on the improved immune and physiological capacities of some animals (34) . Although an initial increase in the number of positive oysters was reported around 26 April at both field sites (La Mortanne and Les Sables de l'Are), viral-DNA amounts detected by real-time PCR remained lower than 10 4 DNA copies per mg of wet tissue in positive individuals, and no significant mortality increase was detected during this period, when the water temperature was below 16°C. These results suggest that the virus can circulate among oysters and that virus transmission may occur between animals in the absence of mortality events. Two main hypotheses can be proposed in order to explain the high number of positive samples reported in the absence of massive mortality. (i) The conditions encountered by animals in the field might induce stress and viral replication at low levels in healthy-appearing oysters. Arzul et al. (49) have reported the detection of viral DNA in healthy animals and suggested the existence of healthy carriers. In this context, a large number of animals could be healthy carriers at the beginning of the study without viral-DNA detection. The absence of viral-DNA detection could be due to the low number of analyzed animals (10) at the beginning of the study and/or the limits of the protocol used, including undetectable levels of viral DNA.
(ii) The high number of positive samples reported in the absence of massive mortality might also be due to virus propagation from an initial source (infected oysters from the batch used in the present study or viruses present in the field). Although data obtained during the survey did not allow us to draw clear conclusions as to the exact virus source, the results suggest that viral contamination could occur among oysters in the absence of mass mortality and when the water temperature is lower than 16°C. Moreover, it is important to note that the number of viral-DNA-positive oysters decreased after mass mortality events. This result may be explained by the death of the most infected/susceptible individuals and also suggests that some oysters may be able to control viral infection under certain conditions. Improved knowledge about the viral infection process and virus transmission may facilitate the implementation of practical precautions and epidemiological recommendations, which would in turn contribute to reducing the impact of virus contamination of Pacific oysters.
